Pathogenesis of nutritionally variant streptococcal (NVS) endocarditis initiates with bacterial attachment to and colonization of the damaged heart valve surface. Underlying extracellular matrix (ECM) exposed to the environment during damage to cardiac endothelium provides additional receptors that could be involved in bacterial adherence. The ability of NVS and endocarditis-associated streptococci to bind ECM was investigated by using an enzyme-linked immunosorbent assay system that incorporated ECM secreted by baby hamster kidney and human umbilical vein endothelial cells in culture. Streptococcus defectivus, the major species isolated from NVS endocarditis cases, bound ECM of fibroblasts and endothelial cells, indicating that the ECM molecule involved in the binding was a common constituent of diverse matrices. The specific binding of S. defectivus to ECM was demonstrated by saturation binding and specific antibody inhibition studies. Of the 15 S. defectivus strains analyzed, 13 bound ECM, whereas Streptococcus adjacens and NVS serotype III strains were unable to bind the matrix. This selective binding suggested that S. defectivus binds to heart valves through a mechanism different from those of other NVS in subacute bacterial endocarditis. A survey of non-NVS streptococcal endocarditis isolates demonstrated that S. mutans, S. mitis, S. sanguis, and S. faecalis also bound ECM, whereas other viridans species were unable to bind the matrix.
Subacute bacterial endocarditis is an infectious disease associated with a significant degree of morbidity and mortality. Viridans streptococci are the main organisms associated with this disease; 5 to 10% of these cases are due to nutritionally variant streptococci (NVS) (5, 12) . Attention to NVS endocarditis has focused on the high rates of antimicrobial failure, relapse, and fatality associated with disease caused by these organisms (15) .
NVS were categorized into three serotypes by hemagglutination inhibition and rocket-line immunoelectrophoresis studies (22) . Furthermore, cell wall analysis of prototype strains from each serotype confirmed this designation (19) . Using a rabbit endocarditis model, antibody protection studies demonstrated significant cross-protection between serotype II and III strains (21) . Recently, Bouvet et al. (1) recommended that NVS be subdivided into two species, Streptococcus defectivus (serotype I) and S. adjacens (serotype II), based on DNA relatedness and biochemical analysis. NVS serotype III strains, however, were not analyzed by DNA hybridization techniques.
Attachment of bacteria to damaged heart tissue is considered a crucial event in the pathogenesis of subacute bacterial endocarditis. Surface components not found on healthy valvular endothelium but exposed on damaged tissue serve as specific receptors for the adherence of circulating organisms (10) . Past research emphasis in the study of this disease has focused on the bacterial colonization of platelet-fibrin matrices (3, 13, 14) , which form sterile vegetations on damaged heart valves. However, previous attempts to demonstrate NVS attachment to platelet-fibrin matrices were unsatisfactory (23a).
Bacterial adherence to purified extracellular matrix (ECM) components (i.e., fibronectin, laminin, and collagen) was studied in relation to tissue tropism in general and to endocarditis specifically (10, (24) (25) (26) with the mutant strain versus those challenged with the isogenic parent strain (8) . The data suggested that fibronectin binding plays a role in endocarditis caused by these organisms.
In this study we report the specific adherence of S. defectivus to ECM secreted by baby hamster kidney and human umbilical vein endothelial cells. However, S. adjacens and serotype III strains were unable to bind the matrix. Therefore it appears that S. defectivus strains bind to cardiac endothelium through a mechanism different from that of other NVS. Selective ECM binding was also observed for non-NVS streptococcal endocarditis isolates.
MATERIALS AND METHODS
Strains and culture conditions. The NVS and viridans strains used were isolated from patients with endocarditis and were described previously (23) . Satellite tests (2) were performed to assure the purity and stability of each NVS strain. S. aureus Cowan 1, Streptococcus pyogenes 1RP41 and Uffer, Escherichia coli WF500, and Streptococcus faecalis were from the culture collection of this laboratory. Robert Sherertz kindly provided the S. aureus 4-100 strain.
Bacteria were grown in semisynthetic medium (2) , and cultures were monitored in 18- cell doubling) , and the monolayers were cultured for 2 to 14 days. Since the microtiter plates were not precoated with adhesion gels or fibronectin, all ECM substances were produced by the BHK or HUVE cells. To expose the ECM, confluent monolayers were washed twice with Earle balanced salt solution containing calcium and magnesium (EBSS). They were then treated with 0.5% Triton X-100 for 30 min at 37°C, followed by a 10-min treatment with 0.025 M ammonium hydroxide at 37°C (7). The denuded matrix was washed three times with EBSS, and the microtiter plates were stored at -20°C. Cell removal was monitored by light microscopy, and the absence of artifactual cellular debris on denuded ECM was confirmed by immunofluorescence. The removal of cytoskeletal components was monitored by anti-actin antibody recognition and fluorescein isothiocyanate-phallacidin staining. It has been shown previously that nuclei and cytoskeletons are removed from ECM by ammonium hydroxide treatment and washing (27) . The presence of collagen, laminin, and fibronectin in ECM was verified by an enzyme-linked immunosorbent assay (ELISA) with commercially available specific antisera to respective ECM components.
ELISA adherence assay. A bacterial suspension (0.05 ml) was added to each well in the presence of an equal volume of 3% casein-0.05% Tween 20 to block nonspecific binding. Bacteria were incubated with the ECM for 30 min at 37°C with gentle agitation. Nonadherent bacteria were removed with several washes of PBS-0.05% Tween 20 buffer. Next, adherent bacteria were fixed to the ECM with a 15-min incubation at 60°C, followed by incubation with specific antibacterial antibody (diluted in casein solution) for 1 h at 37°C. Unbound antibody was removed with PBS-0.05% Tween 20, horseradish peroxidase-labeled goat anti-rabbit immunoglobulin (diluted in casein solution) was added, and bacteria were incubated for 1 h at 37°C. All rabbit antisera and conjugated antibody reagents were centrifuged before use. Unbound antibody was removed as above. Tetramethylbenzidine dihydrochloride was added for color development, which proceeded for 30 min; then the A620 was measured with a Titertek Multiskan MC. In each experiment, quadruplicate wells of ECM and bare plastic were assayed for bacterial binding. Plastic binding was negligible in the casein blocking solution; however, the mean value was subtracted from the mean of ECM binding to calculate specific ECM adherence. pH dependence of adherence. As previously described, for bacterial suspensions to an optical density of 0.5 to 0.6 a range of buffers was used to achieve the desired pH: pH 4. Antibody inhibition studies. For antibody inhibition studies, bacteria were preincubated with the appropriate dilution of specific rabbit antiserum at 25°C for 30 min, and unbound antibody was removed with several PBS washes. The bacteria were then suspended in PBS to an optical density of 0.5 to 0.6 and analyzed in the above adherence assay with the following modifications. Antibody-pretreated bacteria bound to ECM were detected with human anti-NVS antiserum from a patient with endocarditis followed by horseradish peroxidase-labeled goat anti-human immunoglobulin. Organisms pretreated with rabbit antisera showed no cross-reactivity with the goat anti-human immunoglobulin.
Rabbit antiserum Rb646 produced against strain NVS-47 (S. defectivus) contained high-titer antiadhesin antibody, whereas antiserum Rb463 contained low-titer antiadhesin antibody. Rb 2-876 was produced against an S. adjacens strain and lacked antiadhesin antibody.
Immunofluorescence (4) . To confirm NVS-47 (S. defectivus) surface recognition of the antisera used for inhibition studies, organisms were sedimented at 16,000 x g for 2 min and washed twice in PBS to remove media and extracellular components. The bacteria were then suspended in the test antiserum and incubated at 4°C for 30 min, followed by centrifugation as above. After the supernatant was removed, the bacteria were washed in PBS three times. The bacteria were then incubated with fluoresceinated anti-rabbit immunoglobulin for 45 min at 4°C. Unbound antibody was removed, and the bacteria were then sedimented onto glass slides in a cytofuge (5 min, 450 x g), covered with coverslips, and evaluated with a Leitz microscope equipped with a Leitz MPV Compact Microscope Photometer. The analog output signal provided by the instrument was digitized with a Laboratory Interface Peripheral System (Spectrofuge Corp., Carrboro, N.C.), and the data were reported on a microcomputer for further analysis.
Visualization of NVS-47 (S. defectivus) bound to tissue culture cells was examined by immunofluorescence. BHK cells were seeded in chamber slides (Labtek no. 4808; Nunc Inc., Naperville, Ill.) and cultured until the monolayers were 80 to 90% confluent. The tissue culture medium was removed, and the cells were washed twice with EBSS. Bacteria suspended in PBS were added to the monolayers in the presence of casein and incubated for 30 min. Unbound organisms were removed by washing, and bound bacteria were identified by incubation with anti-NVS antibody followed by fluoresceinated anti-rabbit immunoglobulin and examined by photomicroscopy.
RESULTS
Preliminary studies on NVS adherence. Previous studies by our laboratory demonstrated that representative strains from each species of NVS were unable to bind appreciable amounts of 125I-labeled fibronectin, fibrinogen, or laminin as compared with the amounts bound by control strains (20) . More recently, attempts to demonstrate specific binding of NVS to these compounds as well as to various types of collagen by using solid-phase assays also proved unsuccessful. Finally, analysis of specific binding of NVS to a battery of cell lines (FaDU, HEp2, BHK, Detroit 562, MDCK, and HUVE) also provided negative results (23a). The interaction between NVS and various cell lines revealed that few bacteria bound cultured cells, but some bacteria bound to the edges of contracted cells and to ECM exposed in cell preparations. Figure 1 is a typical immunofluorescence photomicrograph that demonstrates the attachment of strain NVS-47 (S. defectivus) to BHK ECM. Therefore we investigated the adherence of these organisms to cell-secreted ECM by using an ELISA (Fig. 3) . Examination of the pH dependency of strain NVS-47 binding to BHK ECM showed that adhesion in pH 6 to 8.5 buffers was equivalent, whereas in acidic or alkaline buffers ECM binding fell sharply (Fig. 4) 2). Three strains were high binders (A620, 1.000), whereas the remaining strain was a low binder. Most S. mitis and S. sanguis strains bound ECM (four of five for both), whereas one of two S. faecalis strains bound the matrix. Of these strains, all were low binders except one S. sanguis strain, which had an A620 of 0.613. Other non-NVS streptococcal endocarditis isolates did not bind extracellular matrix. Both laboratory strains, S. pyogenes 1RP41 and S. aureus Cowan 1, bound to ECM when analyzed by our assay but at very low levels. Patient isolate S. pyogenes Uffer also bound ECM negligibly, but no binding was observed with patient isolate S. aureus 4-100.
Inhibition of NVS (S. defectivus) binding to ECM. To further confirm the specificity of the binding, strain NVS-47 (S. defectivus) was preincubated with various rabbit antisera against S. defectivus and S. adjacens. Preincubation of the bacteria with high-titer S. defectivus antisera produced against strain NVS-47 gave two patterns of inhibition (Fig.  5) . Antiserum Rb646 had a fivefold greater inhibitory antibody concentration than did antiserum Rb463. Since at an antiserum dilution of 1:250 similar mean surface fluorescence intensity readings were obtained (Rb646, 1,800 U; Rb463, 1,515 U) and only antiserum Rb646 demonstrated inhibition at this concentration, nonspecific antibody steric hindrance would not appear to be a factor in the patterns of antibody inhibition shown. S. adjacens antiserum (Rb2-876) had no significant inhibitory effect on the adherence of strain NVS-47 to ECM but contained sufficient cross-reactive antibody to produce a mean surface fluorescence intensity of 1,454 U. Furthermore, all three antisera demonstrated uniform surface fluorescence when monitored directly by fluo- (0) or with S. adjacens Rb2-876 (A) antiserum at room temperature for 30 min. Unbound antibody was removed, and 2 x 108 organisms per ml were incubated with BHK ECM. Bound bacteria were quantitated by using anti-human NVS patient serum followed by horseradish peroxidase-conjugated goat anti-human immunoglobulin.
rescence photomicroscopy. Together these findings would indicate that the S. defectivus binding to ECM is specific.
DISCUSSION
Preliminary attempts to evaluate the mechanism of NVS adherence by using platelet-fibrin matrices and other established in vitro systems for subacute bacterial endocarditis were unsuccessful (23a). From adhesion studies with tissue culture cell lines, the binding of NVS to contracted cell edges and areas between cells indicated that ECM was involved in these interactions. ECM is exposed at endothelial cell junctions, and during damage to cardiac endothelium underlying ECM provides an additional surface for the adherence of circulating organisms (10, 26) .
The inability to demonstrate NVS adherence to individual ECM components led us to postulate that stereospecific macromolecular interactions present in native ECM were important in the binding event. Other possibilities were that a putative ECM receptor contained conformation-dependent epitopes and that the binding event required the cooperation of multiple ECM molecules. The intact matrix utilized in our ELISA system preserves the three-dimensional structure of native ECM and provides ECM of biologically relevant organization approximating the in vivo arrangement of ECM constituents (28) .
Studies involving a diverse group of organisms utilized ECM secreted by cells in culture to evaluate various disease processes. Bovine corneal endothelial cell ECM was used in the study of Treponema pallidum attachment (17), embryonic carcinoma (PF HR-9) cell matrix was employed to investigate the adherence of various oral bacteria (28) , and ECM deposited by human umbilical vein endothelial cells was used as a substrate for Candida albicans (7) and Borrelia burgdorferi (16) (18) . The unique varieties of ECM stem from different ratios of major components and the presence or absence of additional molecules (11) . The observed S. defectivus binding to both BHK and HUVE ECM suggests that the ECM component involved in this interaction is a molecule common to diverse matrices.
The binding specificity demonstrated between S. defectivus and ECM was twofold. First, there were a saturable number of ECM binding sites as evidenced by the plateau obtained with high concentrations of bacteria. Specific ligand-receptor interactions traditionally exhibit saturation kinetics. Second, S. defectivus adherence to ECM was blocked by specific S. defectivus antibody but was not inhibited by S. adjacens antibody, indicating that the inhibition was specific. S. defectivus antisera displayed different patterns of inhibition; Rb463 antiserum inhibition was fivefold less than that observed for Rb646. However, the possibility that the observed inhibition was due to nonspecific antibody steric hindrance still existed. Immunofluorescence surface staining of strain NVS-47 (dilution of 1:250) gave similar fluorescence intensities with both Rb463 and Rb646 antisera, which indicated that each fully coated the bacteria with antibody. Since only antiserum Rb646 blocked adherence at these concentrations, the possibility of nonspecific inhibition was dismissed.
It is noteworthy that 87% of S. defectivus strains tested in this study bound ECM, since the majority of NVS strains (73%) isolated from subacute bacterial endocarditis cases are S. defectivus (22) . Furthermore, analysis of NVS patient sera demonstrated elevated titers of antibody to S. defectivus group antigen in 74% of the cases (23) . The data presented in this paper correlate well with these studies and suggest that S. defectivus attaches to damaged heart valves through a mechanism different from and possibly more efficient than those of S. adjacens and NVS serotype III strains.
Surveying a battery of non-NVS streptococcal endocarditis isolates demonstrated that S. mutans, S. mitis, S. sanguis, and S. faecalis bound ECM. However, only three of four S. mutans strains and one S. sanguis strain bound ECM to a degree comparable to that observed for S. defectivus. All other strains analyzed were low binders or bound the matrix negligibly. Therefore the binding interaction described between S. defectivus and ECM may be selective for only certain species of viridans streptococci that cause subacute bacterial endocarditis. Experiments designed to identify the putative S. defectivus adhesin(s) and the ECM receptor(s) can be undertaken now that the specific interaction between these components has been described.
